Supporting online material (SOM) for
A fast soluble carbon-free molecular water oxidation catalyst based on abundant metals 
_____________________________________________________________ Materials and Methods

Synthesis of POMs (a) Synthesis of compound 1
The preparation of Na 10 -1 is derived from that of K 10 -1 reported in literature (S1). A higher yield preparation of K 10 -1 was reported by Finke et al (S2) . To synthesize Na 10 -1, Na 2 WO 4 ·2H 2 O (35.62 g, 0.108 mol), Na 2 HPO 4 ·7H 2 O (3.22 g, 0.012 mol), and Co(NO 3 ) 2 ·6H 2 O (6.98 g, 0.024 mol) were mixed in 100 mL water. After adjusting the pH from 9 to 7, this purple suspension was then refluxed at 100°C for two hours. A dark purple solution resulted within minutes of heating. After reflux, the solution was saturated with NaCl and allowed to cool to room temperature. The resulting purple crystals were collected, quickly washed with approximately 30 mL of water, and recrystallized from hot water (35% mass yield based on Co). Thermogravimetric analysis gave 27 water molecules of hydration (Fig. S10) 
(b) Synthesis of compounds 2-8
The preparation of compounds 2-8 were performed according to the published literature (S3-S9) . Their purity was confirmed by IR.
X-ray diffraction
The complete datasets for Na 10 -1 were collected at Emory University. A suitable crystal of Na 10 -1 was coated with Paratone N oil, suspended in a small fiber loop and placed in a cooled nitrogen gas stream at 173 K on a Bruker D8 APEX II CCD sealed tube diffractometer with graphite monochromated MoK α (0.71073 Å) radiation. Data were measured using a series of combinations of phi and omega scans with 10 s frame exposures and 0.5 o frame widths. Data collection, indexing and initial cell refinements were all carried out using APEX II software (S10). Frame integration and final cell refinements were done using SAINT software (S11). The final cell parameters were determined from least-squares refinement on 9978 reflections. The structure was solved using Direct methods and difference Fourier techniques (SHELXTL, V6.12) (S12). Only the Co, Na and W atoms were refined anisotropically; no hydrogen atoms were included in the final structure. Scattering factors and anomalous dispersion corrections are taken from the International Tables for X-ray Crystallography (S13). Structure solution, refinement, graphics and generation of publication materials were performed by using SHELXTL, V6.12 software. Additional details of data collection and structure refinement are given in Table S1 .
Analysis of O 2 content using gas chromatography (GC)
A round-bottom flask with a total volume of ~17 mL was used to hold 8 mL of aqueous [Ru(bpy) 3 ] 3+ solution. A thick-wall tube was used to hold 2 mL of the catalyst in buffered solution. Both containers were capped with a rubber stopper and extensively deaerated by bubbling argon gas through the solution for over 10 minutes. The 2 mL solution in the thick-wall tube was then quickly transferred into the round-bottom flask using a cannula. This affords 10 mL of reaction solution. We report the species concentrations in this solution. A fully deaerated 250 μL Hamilton gas-tight syringe was used to withdraw a sample of the gas from the reaction vessel headspace. Aliquots (100 μ L) of this gas were immediately injected into a Hewlett-Packard 5890 gas chromatograph fitted with a thermal conductivity detector for analysis. For timed reactions, a stopwatch was used to measure the time elapsed from the time of solution transfer via cannula to the time at which gas was withdrawn from the headspace. TOF for 1 is given as the final TON divided by the time elapsed.
Calibration of this system was performed using the exact same procedures substituting the reaction solutions with water. Four reference volume of O 2 were used in constructing a multipoint calibration slope. After mixing, 0 μL, 23.5 μL, 47 μL, or 70.5 μL of pure O 2 (corresponding to 0, 1, 2, or 3 μmol O 2 ) were injected into the headspace of the reaction vessel. The reaction vessel was shaken to allow equilibration of O 2 between gas and aqueous phases. The retention times of oxygen and nitrogen were separated by approximately 20 seconds. The oxygen peak was seen first a little under 1 minute. Contamination from air was minimal (< 0.07 μ mol O 2 for the chemical oxidation of water) and accounted for by subtracting half of the nitrogen peak area from the total oxygen peak area. This is a conservative estimate, as the gas chromatograph gives an oxygen to nitrogen ratio of 1 : 2.8 for a sample of air. The amount of O 2 was plotted against the integration area for the adjusted oxygen peak. A linear correlation between the two was found and the slope was used as the conversion factor for the quantification of O 2 -yield in future experiments. Three data points were taken for each reference volume and the average O 2 peak area was used in the calibration, giving a Pearson r-value of > 0.99.
Cyclic voltammetry
Cyclic voltammograms (CVs) were obtained at room temperature in buffered solutions using BAS CV-50W voltammetric analyzer. An Ag/AgCl (3 M NaCl) reference electrode from BAS was calibrated using the [Fe(CN) 
UV-Visible spectroscopy
All UV-Vis spectroscopy was performed with an Agilent 8453 spectrometer at 25 °C using a quartz cell with a 1 cm pathlength. The UV-Vis spectroscopy of 1 is shown in Fig. S3 . No changes in its spectrum were observed during any of the hydrolytic stability studies.
P NMR
The 31 P (243 MHz) NMR spectra were obtained at 300 K in 5 mm o. d. tubes on a Unity Plus 600 spectrometer equipped with a Varian 600 SW/PF6 probehead. The chemical shifts are given with respect to 85 % H 3 PO 4 . Acquisition parameters are as follows: pulsewidth 4 μs (~40° flip angle), time domain window 100 kHz (412 ppm), 1500 (for diluted solutions) or 3000 (for concentrated solutions) points, resulting in acquisition times of 7.5 or 15 µs respectively
Effect of bpy on cobalt oxide/hydroxide formation at high pH
Adding a few drops of 1 M aqueous NaOH to a 1 mM solution of Co(NO 3 ) 2 turned the solution slightly blue. This color quickly disappears and a white precipitate was observed, indicating the formation of cobalt oxide/hydroxide aggregate. When 6 equivalents of bpy is added to a 1 mM solution of Co(NO 3 ) 2 , a yellow solution results (Fig. S2) . Adding aqueous NaOH to this solution does not yield any precipitate. This further demonstrates that bpy prevents the formation of catalytically active cobalt oxide/hydroxides. , 0.015 mM 1, and 32 mM NaPi dissolved in 5:1 D 2 O/H 2 O. After the reaction was completed, Na[BPh 4 ] (18 mg, 52.6 μmol) was added to this solution. The resulting light yellow precipitate was filtered off using a micro-filter. The completely colorless filtrate was used for 31 P NMR (Fig. S5 ).
(b) Re-isolation of catalytically active species
[Ru(bpy) 3 ](ClO 4 ) 3 (276.7 mg, 0.285 mmol) was dissolved in water (152 mL). A separate aqueous solution of 1 (0.016 mM 1 in 0.153 M NaPi at pH 8.0, 38 mL) was then added. After reaction completion, the solution was concentrated via evaporation. When the solution volume was approximately 50-60 mL, tris(2,2'-bipyridyl)dichlororuthenium(II) hexahydrate ([Ru(bpy) 
, 150 mg, 0.20 mmol) was added to this solution, inducing the formation of a light yellow precipitate. The yellow precipitate (1.1 mg) was collected by centrifugation and dried under vacuum, characterized using FT-IR spectroscopy (Fig. S6 ) and tested for WOC activity.
Computational procedures
All calculations were performed using the Turbomole program (S15). The geometries of these species were optimized with C i -symmetry constraints at the RI-PBE level. In these calculations we use the triple zeta plus polarization (TZVP) basis sets (S16) for all atoms together with relativistic effective core potentials for Co and W from the Stuttgart group (S17). Solvent effects were taking into account using the Conductorlike Screening Model (COSMO) (S18) with water as a solvent (R solvent = 1.30 Å) and the following atomic radii in Å: O, 1.720; H, 1.300; Si, 2.458; 2 Co, W, 2.2225. Computational studies of the geometry and electronic structure of 1 at its ground highspin state provide an excellent agreement with previous experimental data (S1) as well as our data on the geometry of this species (Fig. S9) . The frontier orbital analysis (HOMOs and LUMOs) indicates that HOMO orbitals are close in energy: the calculated energy gap between the HOMO and HOMO-3 orbitals (Fig. S8 ) is 0.24 eV. The same picture is true for the LUMO orbitals: the calculated energy difference between LUMO and LUMO+3 orbitals is 0.55 eV. The HOMO-LUMO energy gap is calculated to be a 1.22 eV. Thus, HOMOs and LUMOs of 1 (which are the Co 4 O 4 core and WO bonding and antibonding orbitals) are well separated and clustered, respectively. (1-2) (3-4) (5) (6) 
